The inducible SOS response for DNA repair and mutagenesis in the bacterium Bacillus subtilis resembles the extensively characterized SOS system of Escherichia coli. In this report, we demonstrate that the cellular repressor of the E. coli SOS system, the LexA protein, is specifically cleaved in B. subtilis following exposure of the cells to DNA-damaging of DNA damage, followed by specific surface interactions with small inducer molecules and target repressor proteins (11, 46) . Although the biochemical process by which RecA protein becomes activated following exposure of cells to agents that damage DNA is not well understood, the mechanism of inactivation of the LexA protein is presumed to require the recognition and binding of RecA* to the LexA protein and to involve specific functional groups on the repressor molecule (22).
In the bacterium Escherichia coli, the SOS response for DNA repair is regulated by the molecular interaction of the LexA and RecA proteins. The LexA protein participates by singularly repressing the many (ca. 20) unlinked DNA damage-inducible (din) chromosomal operons that compose the SOS regulon, including the genes for LexA (lexA) and RecA (recA) themselves (for review, see reference 54) . RecA protein, the most thoroughly characterized enzyme of its type, functions directly in general genetic recombination (42) , postreplicational DNA repair, and mutagenesis as well as in induction of the cellular SOS response to DNA damage by its specific interaction with cellular repressors (54) . Induction of the SOS response following DNA damage results from the reversible "activation" of RecA protein to a conformation (RecA*) that promotes the specific proteolytic cleavage of the LexA repressor (22) , the UmuD protein (3, 39, 50) , and the repressors of certain resident bacteriophages (22, 44) . Inactivation of the LexA repressor by proteolytic cleavage leads to the increased synthesis of a specific set of proteins which function primarily in DNA repair and mutagenesis (40) , resulting in the coordinate expression of the diverse set of cellular phenomena that characterize the SOS response. Among these are an enhanced capacity for DNA repair, chromosome and phage mutagenesis, inhibition of cell division (filamentation), and induction of the RecA protein (54) .
The activation of RecA protein is thought to result from the binding of RecA to exposed regions of single-stranded DNA (ssDNA) generated as a result of replication past sites * Corresponding author. of DNA damage, followed by specific surface interactions with small inducer molecules and target repressor proteins (11, 46) . Although the biochemical process by which RecA protein becomes activated following exposure of cells to agents that damage DNA is not well understood, the mechanism of inactivation of the LexA protein is presumed to require the recognition and binding of RecA* to the LexA protein and to involve specific functional groups on the repressor molecule (22) .
Recent studies have shown that the SOS response in Bacillus subtilis and the SOS response in E. coli are remarkably similar from both a phenotypic and regulatory standpoint (24, 25, 28, 30) . The SOS response of B. subtilis also consists of a set of coordinately induced functions, such as enhanced capacity for DNA repair and mutagenesis, Weigle reactivation, filamentation, and prophage induction (24) . As in E. coli, the inducible expression of SOS phenomena in B. subtilis depends primarily upon the activities of a multifunctional enzyme, designated RecA (formerly called Recbs or Rec protein), the product of the recA gene (formerly designated recE) (7, 9, 25, 28, 30, 33) . B. subtilis RecA, like E. coli RecA, is a DNA damage-inducible protein and functions in DNA strand exchange (genetic or homologous recombination), postreplication or recombinational repair, and regulation of the SOS response (25, 30) . Notwithstanding the significant differences that serve to distinguish the SOS systems in these two bacteria (23, 24, 27) [9] ) that are apparently controlled by a common cellular repressor. That E. coli RecA430 catalyzes recombination but not SOS induction in B. subtilis indicates that the process of activation of RecA to promote cleavage of the putative LexA homolog is also conserved in these two bacteria.
MATERIALS AND METHODS
Bacterial strains and plasmids. The B. subtilis and E. coli strains and plasmids used in this study are listed in Table 1 Minimal glucose and competence media (GM1 and GM2) were prepared as described previously (57) . The din operon fusion strains were maintained on LB medium (35) containing erythromycin (0.1 ,uglml) and lincomycin (25 pLg/ml). Strains carrying plasmids pPL608, pPL708 (36) , and their derivatives, described here, were maintained on LB containing both chloramphenicol and kanamycin at 5 ,ug/ml.
Genetic procedures. Liquid cultures of B. subtilis strains were grown to maximize competence, transformed with chromosomal or plasmid DNAs, and fractionated on Renografin block gradients as described before (23, 57 (36) . neo, a gene that confers resistance to neomycin and kanamycin, and the replication origin ori are derived from the pUB110 moiety of plasmid pPL708, and pro is the fragment derived from the B. subtilis bacteriophage SPO2, having strong constitutive promoter activity, present in plasmids pPL608 and pPL708 (36 (Fig. 1) , they are not regulated (i.e., damage inducible) in their normal way to any observable degree (e.g., Fig. 2 ; unpublished results) in any of the B. subtilis strains following DNA-damaging treatments.
We confirmed the synthesis of the E. coli LexA LexA (data not shown) and RecA proteins (Fig. 2C and D) , as well as with purified E. coli LexA and RecA, respectively (data not shown), and are not produced in B. subtilis strains containing plasmid pPL708 ( Fig. 2A and B) . The 40-kDa B. subtilis RecA protein also cross-reacts with antiserum to E. coli RecA and is readily detectable in cell extracts of both recA+ and recA4 strains (Fig. 2) . Previous studies (6, 25) have detailed the activities of the 38-kDa wild-type E. coli RecA protein in B. subtilis strains expressed by the plasmid pPL608-recA (Fig. 2D) .
Activities The genetic analyses of a large number of E. coli recA mutants (11, 52) provide convincing evidence that the recombination and DNA strand exchange activities of the RecA protein are to a certain extent independent of its regulatory activities (i.e., those that promote LexA protein cleavage, A cI repressor cleavage, and UmuD cleavage). This separation of functions of E. coli RecA is particularly evident in the so-called split-function phenotype exhibited by the recA430 mutant (11) . The recA430 mutation generates a RecA protein that is (i) defective in inducible DNA repair and SOS mutagenesis, (ii) unable to promote the cleavage of the X cI repressor and UmuD proteins (3, 43, 50) , (iii) capable of only inefficient (20 to 30% of wild-type) cleavage of LexA protein both in vivo and in vitro (11, 31, 46) , and (iv) near normal in genetic recombination activity (37, 43) . The relatively limited SOS induction in response to DNA damage in E. coli recA430 cells is consistent with RecA430 being inefficient in promoting the in vivo cleavage of repressor proteins (e.g., LexA and A cI), most likely as a consequence of its marked deficiency in the ATP (and dATP)-dependent binding to ssDNA that is necessary for the formation of the active complex required for cleavage (46) .
Because of this specific deficiency in SOS induction in E. coli, we examined the extent to which the mutant RecA430 protein can promote the expression of inducible SOS functions in a B. subtilis recA4 host strain. To determine whether the RecA430 protein (expressed by the plasmid pPL708-recA430) was functional in B. subtilis cells, we first characterized its ability to catalyze genetic exchange by homologous recombination (i.e., chromosomal DNA-mediated transformation) in a recA4 mutant. In this context, it is noteworthy that while DNA repair, homologous recombination, and induction of the SOS response, including RecA synthesis and din gene expression, are abolished in B. subtilis strains carrying the recA4 mutation (9, 24, 28) , the presence of this mutation alone does not diminish the ability of these strains to become competent for DNA uptake and transformation. Strains carrying the recA4 mutation can undergo transformation with nonhomologous plasmid DNA at wild-type frequencies (23, 24; unpublished results).
As expected, pPL708-recA430, like pPL608-recA (25) , restores chromosomal DNA-mediated transformability to a competent recA4 mutant (YB1015/dinC22), although at a 10-fold lower level than either the recA+ strain (YB886/ Fig. 2D for comparison. In B. subtilis, the development of physiological competence for DNA binding and uptake (8) Time, hr  FIG. 3 . Effect of plasmids pPL708-recA430 and pPL608-recA on dinC22::Tn917-lacZ operon induction (P-galactosidase activity) following DNA damage in din recA+ and din recA4 fusion strains of B.
subtilis. During mid-exponential growth (A600 of 0.3) at 370C in GM1 medium, cultures of YB8861dinC22 (recA+) and YB1015IdinC22 (recA4) were divided (at the time indicated by the arrow) and either challenged with MMC at 0.5 pLg/ml (solid symbols) or not treated (open symbols). At the designated time points aliquots (0.5 to 1.0 ml) of each culture were collected and assayed for P-galactosidase activity as described in Materials and Methods. 0 and 0, recA+ (pPL708); * and El, recA4 (pPL708); V, recA4 (pPL708-recA430); A, recA4 (pPL608-recA). Data for untreated cultures of the B. subtilis recA4 (pPL708-recA430) and recA4 (pPL608-recA) strains are essentially the same as for the recA4 (pPL708) strain and are not shown.
quence of the competence-specific amplification and subsequent "activation" of the cellular RecA protein by metabolic signals (SOS inducing) that are generated during competence development (25, 27) . Such inducing signals during competence are believed to originate either from the DNA processing associated with homologous recombination or the generation and presence of single-stranded gapped regions in DNA, both of which occur in competent cells (13) . There is now significant evidence that ssDNA, in the presence of RecA and nucleoside triphosphate, is the critical inducing signal leading to the activation of RecA and ensuing induction of the SOS response following DNA damage in E. coli (46) . Interestingly, the wild-type E. coli RecA protein is activated during competence development in B. subtilis cells, as evidenced by the induction of 3-galactosidase activity in the competent subpopulation of din: :Tn9J 7-lacZ recA4 cells carrying pPL608-recA (25) ( Table 2 ). This strongly suggests that the metabolic signals generated during competence are indeed similar (if not identical) to those that result internally from the production and recombinational repair of damaged duplex DNA. Since the concomitant induction of SOS functions during competence is thought to be the result of the cellular RecA*-mediated (or E. coli RecA*-mediated) cleavage of the B. subtilis LexA homolog (25, 27) , we tested the ability of E. coli RecA430 to promote din: :Tn917-lacZ operon expression in strain YB1015IdinC22(pPL708-recA430) that had been grown to competence and fractionated on Renografin gradients to separate competent cells from the noncompetent majority. The results ( 5 min, irradiated with UV light (25 J/m2), and sampled at the times indicated. Crude cell extracts were prepared, and radiolabeled LexA protein and cleavage products were immunoprecipitated and subjected to SDS-polyacrylamide gel electrophoresis as described in Materials and Methods. Time is in minutes after UV irradiation. Positions of the intact LexA protein (22 kDa) and its C-terminal fragment (13 kDa) are indicated. The "no" sample in lane 1 was labeled for 5 min and given no UV treatment.
specific to the competent cell fraction (top band of gradients) of the recA+ strain (YB8861dinC22) or the recA4 mutant (YB1015IdinC22) containing plasmid pPL608-recA.
Cleavage of E. coli LexA repressor in B. subtilis recA+ and recA4 strains. That purified B. subtilis RecA protein from a recA+ strain catalyzes the proteolytic cleavage of purified E. coli LexA repressor protein in an in vitro reaction requiring both ssDNA and nucleoside triphosphates (30) (Fig. 4) . Little (Fig. 5, lanes 1 through 4) . increases with time compared with that observed in the recA+ strain WB105 with no inducing treatment ( Fig. 5) and is an indication of its continued synthesis and overall stability in the recA4 background. It should be noted that because of the extreme sensitivity of the recA4 mutant to DNAdamaging agents, the amount of killing resulting from the UV dose (5 J/m2) given to this mutant strain (Fig. 6 ) is considerably greater than from that administered (25 J/m2) to the recA+ strain (Fig. 4) . However, a comparison of the levels of LexA protein in cultures of WB110(pPL708-lexA) irradiated at both the lower (2 J/m2) and higher (10 and 25 J/m2) UV doses gave results (data not shown) qualitatively identical to those presented in Fig. 6 . To confirm that the damageinducible cleavage of E. coli LexA protein in B. subtilis is recA dependent, we also looked for but could not detect LexA protein cleavage in a strain carrying a chromosomal recA::cat gene (Cmr) insertion mutation (null) which abolishes both constitutive and inducible synthesis of any functional cellular RecA protein (data not shown).
We have confirmed that the intact protein and the lowermolecular-weight bands indicated in Fig. 4 through 6 (15) and in the RecA-independent intramolecular reaction in vitro termed autodigestion (22 (9), provides support for this hypothesis. Like recA4, the recAl mutation causes a marked deficiency in the induction of the SOS response, both following DNA damage and during competence, and a severe decrease in inducible DNA repair capacity (24, 25, 27, 28, 57) . However, compared with recA4 mutants, recAl mutants are only moderately reduced in their capacity for homologous recombination (24, 57) and thus phenotypically resemble the recA430 mutant of E. coli. The recA4 and recAl mutations are known to be closely linked genetically (7) , and indeed, recent evidence strongly suggests that both mutations reside in the gene that encodes the B. subtilis RecA protein (27, 28, 33) .
There is presently no significant biochemical or genetic data on the identity or the nature of the LexA-like repressor in B. subtilis regarding its primary structure, specific properties, or chromosomal locus. Presumably, this LexA homolog is a protein which possesses the ability to uniquely recognize and bind to specific DNA sequences in the promoter-operator regions that lie upstream of the genes that compose the SOS regulon in B. subtilis and functions to block their transcription in a concerted manner. Numerous (26) of cloned DNA sequences from the regulatory regions upstream of several din::Tn917 insertions in B. subtilis (23) showed no homology to the consensus SOS box, CTGT-N -CAG, the promoter-binding site for LexA protein that lies upstream of all SOS genes in E. coli (54) . Cheo et al. (5) have now identified putative DNA-binding sites in the regions upstream of several of these din::Tn917-lacZ insertions, recA, and other SOS genes in B. subtilis that have the consensus sequence GAAC-N4-GTTC, suggesting that the LexA repressor homolog recognizes and binds to a regulatory DNA sequence structure which is quite different from that recognized by the E. coli LexA repressor protein.
Perhaps it is not unexpected to see a considerable degree of structural divergence in the LexA-like repressor from B. subtilis (compared with E. coli LexA) given that the nucleotide sequence and predicted number of amino acid differences of the E. coli and B. subtilis RecA proteins is 40% (51) and given the other notable differences between the SOS systems in these two bacteria, such as the recA-independent induction of the cellular RecA protein during competence development in B. subtilis (27) . Thus, while the conservation of function in the SOS systems of B. subtilis and E. coli is clearly evident at all levels, from the individual genes and their protein products, which catalyze homologous recombination and the repair of stress-induced damage to DNA, it is the specificity of molecular interactions between the RecA homologs and their cognate cellular and phage repressor targets which is ultimately required for the regulatory control of this system for DNA repair and cell survival, a specificity that has apparently been conserved between these two distantly related bacterial species.
